Enzyme distribution along the nephron  by Guder, Walter G. & Ross, Brian D.
Kidney International, Vol. 26 (1984), pp. 101—111
EDITORIAL REVIEW
Enzyme distribution along the nephron
The existence of the major biosynthetic and catabolic path-
ways of intermediary metabolism in the mammalian kidney has
been known a long time. Differences between cortical and med-
ullary metabolism have suggested further differences in the en-
zyme distribution along the course of the nephron. Such infor-
mation was initially provided qualitatively by histochemistry.
With the advent of microdissection and quantitative micro-
chemistry [1] precise information concerning enzyme distribu-
tion along the course of the nephron has become available and
also refined by determining the activity of those enzymes likely
to be rate-limiting for the major metabolic pathways. Since an
earlier review [2] new information has accumulated extending
our knowledge to several more metabolic pathways, and to the
sites of hormone action in different nephron segments. In ad-
dition, biochemical data can now be correlated with quantita-
tive morphological data [3]. The technique of microdissection
of the intact nephron [4] and the localization of hormone-spe-
cific adenyl cyclase [5] has led to studies that will eventually
correlate enzyme activity, hormone action, and transport rates
in individual nephron segments. Also, many biochemical func-
tions described in the kidney do not seem directly related to
reabsorptive or excretory functions. Drug metabolism, steroid
hormone hydroxylations, renal gluconeogenesis as well as re-
nal choline and triglyceride metabolism may be better under-
stood by the knowledge of their precise localization along the
nephron.
We have chosen to present enzyme activities in the form of
a relative distribution pattern because this simplifies compari-
son of work from different laboratories and allows a correla-
tion with morphological data. Thus, the segment with the great-
est activity for that enzyme is designated as 100% and the pro-
portion of this value is shown for each remaining segment. All
enzyme activities were related to tubular dry weight or pro-
tein. Literature data cited in relation to tubular length were
converted to the present data using protein or dry weight val-
ues given in the literature and summarized elsewhere [61.
For absolute activities and details of methods used, the
reader is referred to original articles cited in the text and [61.
Species differences have been considered where information is
available.
CarbOhydrate metabolism
Renal carbohydrate metabolism is characterized by glyco-
lysis, glucose oxidation, by the tricarboxylic acid cycle, and
activity of the alternative pathway (pentose phosphate shunt)
as well as by the deposition of glycogen and the existence of
the pathway of gluconeogenesis. Characteristic patterns of me-
tabolism of fructose and glycerol are also recognized.
Glycolysis. The three kinases of glycolysis exhibit a charac-
teristic distribution pattern when examined in rat nephron
structures (Fig. 1A). The proximal tubule has the lesser amount
of activity [7, 8]. Hexokinase and pyruvate kinase increase
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toward the straight portion. Activities increase multifold, how-
ever, in the ascending limb of Henle's loop. Thereafter,
hexokinase decreases toward the collecting tubule, whereas
phosphofructokinase remains high throughout the distal neph-
ron and pyruvate kinase increases still further [8]. In the rab-
bit nephron hexokinase tends to increase continuously over the
whole distal nephron [9] in parallel to phosphofructokinase and
pyruvate kinase [10].
It is interesting that the proximal tubule pyruvate kinase is
identical to the liver type isoenzyme [11], whereas the distal tu-
bule contains the muscle-type pyruvate kinase [12].
Further heterogeneity is indicated by the facts that juxtamed-
ullary nephrons exhibit higher phosphofructokinase [10] and
pyruvate kinase [13] activities than superficial ones. More-
over, all kinases decrease during early postnatal development
[10, 11, 14] in the proximal convoluted tubule.
The results indicate that gluLcose reabsorption in the adult
nephron may not be linked to appreciable glucose metabolism,
whereas all structures of the distal tubule can use glucose as
metabolic fuel [61, which seems to have special significance in
structures with low mitochondrial oxidative capacities (see be-
low) and may help compensate for proximal tubular insuffi-
ciency under hypoxic conditions [10, 13].
Gluconeogenesis. Four enzymes characterize the activity of
gluconeogenesis. Three of these have been measured success-
fully in microdissected nephron segments of the rat and rabbit
kidney (Fig. lB). Pyruvate carboxylase, the mitochondrial en-
zyme initiating gluconeogenesis from pyruvate, has not been
measured because of its unusual cold sensitivity which limits
stability in the procedures used [15]. The other three enzymes
and hence the entire pathway of gluconeogenesis seem to be
restricted to the proximal tubule [15, 16, 17]. Earlier reports of
glucose-6-phosphatase in distal tubules [2, 18] should probably
be discounted because of inadequate morphological identifica-
tion or an incorrect method of assay. The results obtained in
rats have been confirmed in the rabbit kidney [9, 10]. In con-
trast to the glycolytic enzymes the enzyme activity of gluco-
neogenesis is lower in the pars recta of the proximal tubule
(Fig. 1B) and in proximal tubules of juxtamedullary nephrons
[13] and show a progressive increase after birth [10, 191.
Although renal gluconeogenesis seems to have little signifi-
cance with regard to whole body glucose homeostasis, its pres-
ence in the proximal tubule and the specific adaptation in acid
base changes seem a suitable rriechanism to conserve carbon
in lactic acidosis and other conditions where hepatic urea for-
mation is decreased in favor of renal ammonia excretion [6].
Received for publication June 21, 1983
and in revised form November 15, 1983
© 1984 by the International Society of Nephrology
Fig. 1. Distribution of glycolytic and gluconeogenic enzymes along the rat nephron. Nephron segments were dissected from fed (A) and starved
(B) rats, respectively. The activity of hexokinase (E.C. 2.7.1.1.) [7], phosphofructokinase (E.C. 2.7.1.11.) [8], pyruvate kinase (E.C. 2.7.1.40.)
[8], glucose-6-phosphatase (E.C. 3.1.3.9.) [15], fructose-1,6-bisphosphatase (E.C. 4.1.2.13.) [15, 16], and phosphoenolpyruvate carboxykinase
(E.C. 4.1.1.32.) [15, 17] were determined in individual segments. Enzyme activities are expressed as percent of the maximal value observed,
based on the original activity per gram of dry weight. For methodological details and absolute activities the reader is referred to the references
cited. The abbreviations of nephron segments used are: GL, glomerulus; PCT1, early proximal convoluted tubule; PCI2, late proximal convo-
luted tubule; PST, proximal straight tubule; IL, loop of Henle, thin limbs; MAL, medullary thick ascending limb; CAL, cortical ascending limb;
DCT, distal convoluted tubule; CCT, cortical collecting tubule; MCT, medullary collecting tubule.
Fructose and glycerol metabolism
Fructose and glycerol are metabolized by renal preparations
in vitro and by the kidney in vivo. Each substrate is phospho-
rylated by a specific kinase. Fructokinase and glycerol kinase
were both found exclusively in the proximal tubule (Fig. 2)120,
211. In contrast to the gluconeogenic enzymes, fructokinase
was highest in the straight portion of the proximal tubule [20].
Glycerokinase did not exhibit significant differences in either
rat [21] or rabbit kidney [22] between the convoluted and the
straight portion of the proximal tubule.
The second enzyme of the pathway of fructose metabolism,
fructose..1-phosphate aldolase, was similarly restricted to the
proximal tubule but with higher activity in the convoluted por-
tions (Fig. 2) [20]. Glycerol-3-phosphate dehydrogenase like-
wise was highest in the proximal tubule [20]. In accordance
with the enzyme distribution described, the change of metab-
olites after a fructose-load was observed in the proximal tu-
bule [201.
Pentose phosphate shunt pathway and bidirectional enzymes
of carbohydrate metabolism
Several other enzymes involved in carbohydrate metabolism
have been localized along the nephron. Glucose-6-phosphate
dehydrogenase is of special interest as the first reaction of the
pentose phosphate shunt, supplying NADPH and pentoses. As
expected from its essential role, this enzyme was found in all
structures that were examined (Fig. 3). The relatively higher
activities of glucose-6-phosphate dehydrogenase in the pars rec-
ta of the proximal tubule have been confirmed by several
groups [23]. Because hexokinase does not show this distribu-
tion, glucose-6-phosphate for the pentose cycle could be de-
rived from gluconeogenesis in the proximal tubule, but from
glucose and glycogen in other portions of the nephron. Proxi-
mal and distal convoluted tubules of humans, dog, and rat have
similar activities [23].
The distribution of three enzymes which catalyze reversible
steps common to both glycolysis and gluconeogenesis show the
expected pattern (Fig. 3). In the proximal tubule they follow
the gluconeogenic enzymes [20, 24]; in the distal structures
they parallel hexokinase (Fig. 1). Finally, the different distri-
bution pattern of the two aldolase isoenzymes [20] (compare
Figs. 2 and 3) measured directly confirms the immunohis-
tochemical finding [25] that the aldolase of fructose and glu-
cose metabolism have a different intrarenal localization.
Glutamine metabolism and aminotransferases
The mammalian kidney metabolizes glutamine to ammonia,
carbon dioxide, and glucose. The importance of glutamine me-
tabolism lies in its relation to ammoniagenesis and urinary
acidification. However, the detailed metabolic fate of gluta-
mine differs between species, so that results from rat kidney
may not be directly applied to other species.
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Fig. 2. Distribution of enzymes of fructose and glycerol metabolism
along the rat nephron. Fructokinase (E.C. 2.7.1.4.) [201, fructose-i-
phosphate aldolase (E.C. 4.1.2.7.) [20], glycerol kinase (B.C. 2.7.1.30.)
[21], and glycerol-3-phosphate dehydrogenase (E.C. 1.1.1.8.) [21] were
determined according to the references cited. The assay for glycerol-3-
phosphate dehydrogenase refers only to the enzyme localized in the
cytosol (NAD-linked). Abbreviations used are the same as those used
for Figure 1.
Glutaminases
In the rat kidney two different glutaminases are recognized,
and Curthoys and Lowry [26] found a different distribution for
these two enzymes along the rat nephron. Phosphate-depen-
dent glutaminase (PDG) was maximal in the distal convoluted
tubule in fed animals, with 20% of the activity found in the
proximal convoluted tubule and only 5% in the proximal
straight tubule. A dramatic reversal of values was found in ani-
mals adapted to acidosis. The known increase in PDG in this
condition occurs exclusively in the proximal convoluted tu-
bule [26] (Fig. 4). In striking contrast, the phosphate-indepen-
dent glutaminase resides primarily in the proximal straight tu-
bule [26] (see also Fig. 5, since phosphate-independent glutami-
nase and y-glutamyl transpeptidase are probably one and the
same enzyme [27, 28]). Thus, it seems clear that PDG of the
proximal tubule is the mitochondrial enzyme responsible for
ammoniagenesis, which is also the site of gluconeogenesis. On
the other hand, the role and nature of the PDG of the distal tu-
bule is unclear.
The distribution of glutaminase was found to be similar in fed
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Fig. 3. Glucose-6-phosphate dehydrogenase and other enzymes of glu-
cose metabolism. Glucose-6-phosphate dehydrogenase (E.C. 1.1.1.49.)
[23], fructose-1,6-bisphosphate aldolase (B.C. 4.1.2.13.) [20], and lac.
tic dehydrogenase (E.C. 1.1.7.20.) [23] were determined in lyophilized
samples of rat kidney, whereas glyceraldehyde phosphate dehydrog-
enase (B.C. 1.2.1.12.) [24] was measured in freshly dissected rabbit
nephron structures. For comparison with fructose-l-phosphate aldo-
lase see Figure 2. All activities were related to tubular dry weight. PP
represents papillary collecting tubules; other abbreviations are the
same as those for Figure 1.
rabbits [28] with the exception that proximal straight tubule ac-
tivity was higher than activity in the proximal convoluted tu-
bule, but less than 40% of that of the distal convoluted tubule
[28].
Glutamine synthetase, which catalyzes the synthesis of glu-
tamine from glutamate, is located exclusively in the straight
portion of the proximal tubule [29]. This explains why gluta-
mine accumulates in this structure when glutamate is infused
into an animal [301. The clear separation between glutamine
consuming and glutamine producing cells is similar to the sepa-
ration between glucose using and producing cells and makes it
unlikely that cycling of these metabolites occurs in individual
kidney cells.
Glutamate dehydrogenase, the second step in renal gluta-
mine metabolism, is present in all renal structures studied, in
frog, rat [23] (Fig. 4) and rabbit [24, 28] in accordance with its
localization to the mitochondrial matrix. However, activity is
greatest in the proximal convoluted tubule of the rat and in the
distal convoluted tubule of the rabbit nephron [28].
Aspartate aminotransferase, an enzyme with a possible role
in glutamine metabolism, also functions in the malate-aspar-
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Fig. 4. Distribution ofenzymes of glutamine metabolism and transami-
nases. Glutaminase (phosphate-dependent; PDG; E.C. 3.5.1.2.) [26]
was determined in normal (solid columns) and acidotic (open columns)
animals, glutamate dehydrogenase (E.C. 1.4.1.3.) [23], glutamine syn-
thetase (E.C. 6.3.1.2.) [29], aspartate aminotransferase (E.C. 2.6.1.1.)
[311, and alanine aminotransferase (E.C. 2.6.1.2) [31]. All were deter-
mined in single nephron structures dissected from freeze-dried rat kid-
ney and activities related to tubular dry weight. Abbreviations are the
same as those used for Figure 1.
tate shuttle. Its distribution has been mapped in the rat kidney
[31]. Its activity is greatest in the thick ascending limb and dis-
tal convoluted tubule. Considerable activity is also present in
the proximal tubule where the malate-aspartate shuttle is re-
quired for gluconeogenesis from lactate and other substrates.
Alanine aminotransferase is present in all structures in rela-
tively small amounts except the proximal straight tubule [31].
Here activity of alanine aminotransferase is much higher and
even exceeds that of aspartate aminotransferase (Fig. 4).
Mitochondrial enzymes
Mitochondria are unevenly distributed along the nephron. As
elegantly analyzed by Pfaller [3] mitochondrial density is great-
est in the thick ascending limb of the loop of Henle and the
proximal convoluted tubule in rat kidney (Fig. 6). A progres-
sive decrease occurs toward the descending limb of Henle's
loop and the collecting tubule, in keeping with the anerobic me-
tabolism of papillary structures. Of the enzymes located in the
mitochondrial matrix, the activity of citrate synthase [32, 33]
is greatest in the thick ascending limb structures and the distal
convoluted tubule in rat [331 and rabbit [32] nephron. A simi-
lar distribution pattern was found for NAD-dependent isoci-
trate dehydrogenase [33], the 3-hydroxyacyl-CoA dehydrog-
enase representing n-oxidation [34], and acetoacetyl-CoA-
transferase measured along the mouse and rat nephron [35, 361;
the latter enzyme represented the oxidative pathway of ketone
bodies.
Three mitochondrial enzymes, aspartate aminotransferase
(Fig. 4), malic dehydrogenase [2, 23], and isocitrate dehydrog-
enase (NADP) [2, 231, are also represented in the cytosol.
These enzymes, too, follow mitochondrial density along the
nephron.
The inner mitochondrial membrane is represented by two en-
zymes of the citric acid cycle: Oxoglutarate dehydrogenase [33]
nicely parallels inner mitochondrial membrane surface distri-
bution (Fig. 6). Succinate dehydrogenase has been measured
along the rabbit nephron [24] with a similar distribution pat-
tern. Major species differences between rabbit, mouse, and rat
nephron were found with regard to 3-hydroxybutyrate dehy-
drogenase [35]. Relatively higher activities were recovered
from the pars recta compared to the convoluted portion of the
proximal tubule in the mouse than in rat and rabbit nephron
[35, 37].
The mitochondrial intermembrane space is represented by
the adenylate kinase (Fig. 6) [38]. Adenylate kinase activity is
disproportionally high in the glomerulus.
Despite the good parallelism between morphology and en-
zyme patterns, the different localization of two other mitochon-
drial enzymes, rabbit phosphoenolpyruvate carboxykinase [9]
and phosphate-dependent glutaminase (Fig. 4), indicates that
different types of mitochondria must occur along the mamma-
lian nephron. This suggestion has also arisen from functional
studies with isolated renal mitochondria [39] and from the dif-
ferent relative quantitites of cytochromes of the electron trans-
port chain between cortex and medulla [39].
The distribution of citric acid cycle enzymes mirrors capaci-
ties of mitochondrial energy metabolism. The parallelism to en-
ergy consuming NaK-ATPase (Fig. 7B) indicates that oxy-
gen-dependent energy metabolism is expressed in accordance
to the energy needs for active transport processes. This is also
suggested by the parallelism between citrate synthase and
NaK-ATPase after aldosterone [32].
Enzymes of lysosomes and peroxisomes
Renal lysosomes are abundant in proximal tubular cells while
less are found in the distal nephron structures [3]. In parallel
with this morphological finding is the predominant activity of
three lysosomal enzymes in the proximal tubule [40], although
all structures measured contained lysosomal enzymes (Fig.
8A). The distribution of the three enzymes was different in de-
tail. The high proximal activities point to a role of this seg-
ment in degradation of reabsorbed macromolecules.
It has been known for a long time that the proximal tubule is
rich in peroxisomes. The recent studies of Lellir and Dubach
[34, 41] show that the D-amino acid oxidase [41], L-
hydroxyacid oxidase [41], and fatty acyl CoA oxidase [34] are
almost exclusively found in the proximal tubule (Fig. 8B). The
preferential localization in the beginning of the straight portion
is similar to that of lysosomal enzymes and some enzymes of
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Fig. 5. Distribution of glutathione, glutathione-related enzymes, and enzymes related to drug metabolism along the nephron. Glutathione [51],
y-glutamyl transpeptidase (E.C. 2.3.2.1.) [28], glutamyl cysteine synthetase (E.C. 6.3.2.2.) [52], glutathione-S-transferase (E.C. 2.5.1.18.) [541,
cytochrome P450 [56], and malic enzyme (E.C. 1.1.1.40.) [361 were measured from microdissected rat and rabbit nephron. Activities were related
to tubular dry weight or protein (P450). Abbreviations are the same as those used for Figure 1.
glutathione metabolism. A similar distribution pattern of D-
amino acid oxidase is reported by Chan et al [31], with maxi-
mum activity in the proximal convoluted tubule in the new-
born and greatest activity in the proximal straight tubule in
adult animals. This difference points to adaptive changes in the
distribution of this enzyme during nephron development.
Two other H202 producing enzyme systems whose intracel-
lular localization has not been definitely determined may be
considered here. Choline oxidase (Fig. 9) and 25(OH)vitamin
D3-hydroxylases (Fig. 10) have been found in the proximal tu-
bule (with greatest activity in the straight portion). The close
parallelism between hydrogen peroxide-forming enzymes, glu-
tathione metabolism and cytochrome P 450, is discussed in the
following sections.
Renal lipid and choline metabolism
Fatty acids are taken up by all nephron segments studied.
Their mitochondrial (Fig. 6) and peroxisomal (Fig. 8) oxidative
enzymes follow the distribution pattern of the respective organ-
dies along the nephron. The pathway of fatty acid esterifica-
tion to triacylglycerol, which includes several cytosolic and mi-
crosomal enzymes, has been measured by a radiochemical pro-
cedure in single segments of the rabbit nephron [42]. Its activ-
ity is greatest in the convoluted part of the proximal tubule
(Fig. 9) [421, which conforms to the observation that tn-
acyiglycerol deposits accumulate in proximal tubular cells un-
der conditions of increased fatty acid supply in vivo and in vi-
tro [43, 441.
Phospholipid synthesis has not been quantified along single
nephron structures. Choline kinase which catalyzes the first re-
action of choline metabolism, leading to its incorporation into
phosphatidylcholine, is found in all nephron structures with the
greatest activity in the medullary collecting tubule cells (Fig. 9)
[45]. In contrast, choline oxidase, which leads to the formation
of betaine, was confined to the proximal tubule with highest ac-
tivity in the straight portion [46] (Fig. 9). Interestingly, betaine
and glycerophosphorylcholine, both products of renal choline
metabolism, accumulate in the renal papilla under conditions of
water deprivation (Balaban, personal communication) [47].
Renal phospholipids are the source of prostaglandins and
prostacyclins. Experiments with isolated glomerular, tubular,
and interstitial cells [48] indicate heterogeneity in the distribu-
tion pattern of prostaglandin-forming enzymes. However, al-
though studies in defined segments are few, the reader is re-
ferred to [48, 49].
Glutathione metabolism, NADPH-forming enzymes, and
mixed function oxidase
The kidney contains the highest activities of enzymes in-
volved in glutathione synthesis and degradation [50]. All neph-
ron cells studied contain millimolar concentrations of glutathi-
one with the highest levels in the proximal straight tubule [51]
(Fig. 5). y-Glutamyl-cysteine synthetase, an enzyme of gluta-
thione synthesis, is found nearly exclusively in the proximal
straight tubule with only 10% in the convoluted portion [52].
y-Glutamyl transpeptidase, a brushborder enzyme involved in
degradation of luminal y-glutamyl compounds including gluta-
thione, likewise exhibits its highest activity in the straight
proximal tubule [28, 52] (Fig. 5). It increases progressively
along the proximal tubule [28, 53]. The proximal localization of
glutathione-S-transferase [54] and glutathione oxidase [55] fur-
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Fig. 6. Distribution of mitochondria! Structures and enzymes. Mitochondrial density and surface area of inner mitochondrial membrane were
calculated from the study of Pfaller [31 given as mitochondrial volume in the percentage of cytosolic volume and m2/m3, respectively. Citrate
synthetase (E.C. 4.1.3.7.), NAD-dependent isocitrate dehydrogenase (E.C. 1.1.1.41.), oxoglutarate dehydrogenase (E.C. 1.2.4.2.) [33], and ade-
nylate kinase (E.C. 2.7.4.3.) [38] were measured on freeze-dried sections of rat kidney. Succinate dehydrogenase (E.C. 1.3.99.1.) [24] and 3-
hydroxybutyrate dehydrogenase (E.C. 1.1.1.30.) [37] were measured after fresh tissue dissection from rabbit kidney and a-oxoacid transferase
(E.C. 2.8.3.5.) on freshly dissected mouse [35] and freeze-dried rat kidney [36], which resulted in nearly identical distribution patterns. All en-
zyme activities were related to dry weight except 3-hydroxybutyrate dehydrogenase and a-oxoacid transferase in the mouse nephron which have
been related to protein. Abbreviations are the same as those used for Figure 1.
ther supports the role of the proximal tubule in glutathione-
linked reactions. These reactions use the reduced form of glu-
tathione which is formed by NADPH-dependent glutathione re-
ductase. Although this enzyme has not been localized, the lo-
calization of cytoplasmic enzymes responsible for NADPH for-
mation may be discussed here. Like glucose-6-phosphate-de-
hydrogenase (Fig. 3), malic enzyme also exhibits highest ac-
tivities in the proximal straight tubule [36] (Fig. 5), pointing to
a relatively high need for this reduced coenzyme in the end
proximal tubule. This is further supported by the finding that
microsomal mixed function oxidase, cytochrome P 450, is also
most prevalent in this part of the nephron [56]. This co-
incidence of enzymes and cofactors, together with the en-
zymes of glutathione metabolism (Fig. 5), points to the proxi-
mal tubule as an important site of renal drug metabolism.
Enzymes of the brush border and basolateral membranes
Brushborder membrane. The role of brushborder enzymes is
not well understood; it seems to be similar to that of intestinal
brushborder hydrolases, namely to split peptides, polysacchar-
ides, and other molecules into reabsorbable fragments.
Alkaline phosphatase is distributed in accordance with the
distribution of luminal surface membranes along the nephron
[3, 23, 53] (Fig. 78]. A similar distribution pattern has been
found for 5'-AMP-nucleotidase and 5'-GMP-nucleotidase [381.
y-Glutamyl transpeptidase (Fig. 5), leucine amino peptidase,
cysteine amino peptidase, chymotrypsin-like protease, and an-
giotensin I converting enzyme provide a contrast and do not
behave like alkaline phosphatase. Activity of these proteases
increases toward the end of the proximal tubule [52, 53, 57]
(Fig. 7A). In contrast again, trypsin-like proteases [57] de-
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Fig 7. Distribution of brushborder (A) and basolatera! membrane enzymes (B). Luminal and basolateral membrane surface areas were calculated
from the data of Pfaller [31; the original values were cited as tm2/m3. Alkaline phosphatase (E]C] 3.1.3.1.) [23], leucine 3.4.1.1.) [57], and tryp-
sin-like enzymes [571 were determined in segments of the rat nephron. Na-K-ATPase (E.C. 3.6.1.3) [58], high affinity calcium ATPase [64],
and kallikrein (kininogenase) (E.C. 3.4.21.8) [67] were measured in the rat (NaK-ATPase) and rabbit nephron, respectively. Rat values were
related to dry weight and rabbit enzymes to tubular protein, respectively. Abbreviations are the same as those used for Figure 1.
crease from the initial toward the end proximal tubule. Al-
though the specificity of proteases is difficult to document, it is
clear that brushborder enzymes are not evenly distributed
along the proximal tubule, a result which would fit with the
changing reabsorptive functions and give further proof of in-
tranephron heterogeneity in this part of the nephron. This pro-
vides some biochemical basis for the conclusion of Koseki et
al [53] that the pattern of urinary excretion of enzymes may dif-
fer after administration of different nephrotoxic agents, de-
pending on their precise site of action.
Basolateral membranes, The distribution of surface area of
the basolateral membrane, facing the interstitial space and ad-
jacent to the capillary system, differs in several respects from
that of the luminal membrane (Fig. 7B). It decreases along the
whole proximal tubule, but shows a steep increase along the
thick ascending limb of Henle 's loop [3]. The inner mitochon-
drial membrane surface (Fig. 6) shows a rather similar pattern,
suggesting the functional relation between ATP-forming and
ATP-using structures. Na-K-ATPase is the major, and in
some species the only enzyme associated with active sodium
transport. The highest local activity is found in those parts of
the nephron where active sodium transport or potassium se-
cretion occurs, in the early proximal tubule, the thick ascend-
ing limb of Henle's loop, and the distal convoluted tubule (Fig.
7B) [58]. Activity is significantly less in the late proximal tu-
bule, the thin loops of Henle, and the collecting tubule (Fig.
7B).
Similar results have been obtained by others using different
techniques [59, 601, but there are also several discrepancies re-
garding absolute activities and different relative distribution
patterns in different species [58, 61].
The direct parallel of basolateral surface area along the
proximal nephron and sodium potassium ATPase activity does
not apply in the distal nephron, indicating that the basolateral
membrane is not homogeneously equipped with this enzyme.
This is also supported by the studies in which Na-K-
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ATPase was measured under different physiological condi-
tions. In potassium loading [62], aldosterone [601, and DOCA
treatment [63, 611, only chronic adaptation may exhibit this
parallelism [611.
The role of other ATPases is less clear cut. For example, the
distribution of low Km Ca + + -ATPase along the nephron dif-
fers from that of sodium potassium ATPase [641. Mg -
ATPase, which is of heterogeneous function, is discussed in an
earlier review [61. Kallikrein, a protease which forms the va-
soactive peptides kallidin or bradykinin, has recently been lo-
calized to the basolateral membrane [651. This enzyme, whose
physiological role in the regulation of renal functions is not well
understood, has been found only in the end-distal convoluted
and cortical collecting tubule [66, 671, being thereby the first
enzyme, to our knowledge, which is exclusively found in the
distal tubule.
The basolateral membrane is also the site of hormone inter-
action with adenylate cyclase. This enzyme is present in all
nephron segments, but exhibits a high degree of heterogeneity
with regard to hormonal stimulation indicating a strict locali-
zation of hormone receptors along the nephron [6, 68]. In ad-
dition species differences have been described regarding the
distribution pattern of enzymes of the basolateral membrane
[58, 68].
Enzyme activities related to vitamin D and cyclic AMP
Kidney cells are sites of hormone formation (that is, vitamin
D), action, and degradation. The intranephron sites of action
have been localized elegantly by receptor studies [69—711 and
measurement of adenylate cyclase (for review see [68]). In the
case of vitamin D-hormones, two enzymes have been local-
ized recently and their regulation was studied in defined neph-
ron segments [72—76]. 25-(OH)-cholecalciferol- la-hydroxylase,
which forms the active 1 ,25-(OH)2-cholecalciferol, was found
exclusively in the proximal tubule of chicken [72], fetal rabbit
[73], and vitamin D deficient rat [741 nephron (Fig. 10). The
PCT activity is increased in vitamin D deficiency by PTH via
cAMP, whereas activity in the proximal straight tubule is
stimulated by calcitonin treatment of animals [75, 76].
On the other hand, 25(OH)D3-24-hydroxylase, which leads to
the inactive metabolite, 24,25(OH)2D3, is increased by
l,25(OH)2D3 treatment which more than doubles activity in
PCT and creates a dramatic increase from unmeasurable levels
in PST [74, 76] (Fig. 10).
Cyclic AMP, the intracellular messenger of various hor-
mones along the nephron, is degraded to 5'AMP by cAMP
phosphodiesterase. This enzyme was found in all segments of
rat [38, 771 nephron tested. Cyclic GMP phosphodiesterase ex-
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Fig. 8. Lysosomal (A) and peroxisomal enzymes (B) along the rat nephron. The lysosomal volume was taken from Pfaller [3] and activities of f3-
D-galactosidase (E.C. 3.2.1.23.), N-acetyl-/3-D-glucosaminidase (E.C. 3.2.1.29.), and acid phosphatase (B.C. 3,1.3.2) taken from LeHir, Dubach,
and Guder [40]. The peroxisomal enzymes amino acid oxidase (E.C. 1.4.3.3.) [41], L-hydroxyacid oxidase (B.C. l.l.3.a) [41], and fatty acyl-
CoA-oxidase (E.C. 1.2.1.42.) [34] were all measured in nephron segments dissected from freeze-dried rat nephron structures and activities re-
lated to tubular dry weight. Abbreviations are the same as those used for Figure 1.
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Fig. 9. Triacyiglycerol synthesis and choline metabolism along the rab-
bit nephron. Triacyiglycerol formation from ['4C1-oleate [42] and cho-
line oxidase, measured as betaine formation from ['4C]-choline [46]
were determined in freshly dissected structures of rabbit nephron.
Choline kinase (E.C. 2.7.1.32.) [45] was measured in rabbit nephron
structures after freezing and thawing cycles. All results were related
to tubular protein. Abbreviations are the same as those used for Fig-
ure 1.
hibited a similar distribution pattern [381. The same investiga-
tors also localized the enzymes which further metabolize the 5'
nucleotides to adenosine and guanosine, respectively [381.
Cyclic AMP activates cAMP-dependent protein kinase,
which has been quantified by Kimura et al [78] in rabbit neph-
ron cortical structures and by Edwards, Jackson, and Dousa
[791 in medullary rat nephron segments. Figure 10 shows the
distribution pattern of protein kinase in the absence and pres-
ence of 106M cyclic AMP with histone hA as the substrate.
All segments studied contain cAMP-dependent protein kinase
with the greatest activity in the glomerulus and the distal neph-
ron structures (Fig. 10). A similar pattern was obtained with
other substrates of protein kinase [78].
Conclusions
From the viewpoint of physiological function, we reviewed
the heterogeneity of the kidney and found that patterns of en-
zyme activities indicate that metabolic functions are unevenly
distributed along the nephron. However, we express the need
for caution when comparing enzyme activities and metabolic
fluxes because the patterns given represent mostly maximal ca-
pacities under standardized in vitro conditions and do not con-
sider local regulatory metabolite, ion, and substrate condi-
tions. However, they give, we feel, a precise picture about a
relative distribution pattern of biochemical capacities along the
Fig. 10. Distribution of enzymes related to vitamin D and cyclic AMP.
25-(OH)-D3-la-hydroxylase was measured in vitamin D deficient ani-
mals before and after calcitonin treatment [74, 76]. The PST-activity
was undetectable in control conditions. 25-(OH)-D3-24-hydroxylase
[74, 76] was studied in normal rats before and after treatment with 1,25-
(OH)2-D3 (open bars), cAMP phosphodiesterase (E.C. 3.1.4.1.) [38]
was measured in nephron segments dissected from freeze-dried tissue
slices and cAMP-dependent protein kinase (E.C. 2.7.1.37.) [78] from
freshly dissected rabbit nephron. Open bars give the protein kinase ac-
tivity in the absence and closed bars in the presence of 10-6 M cyclic
AMP using histone hA as substrate. Data on cAMP-dependent pro-
tein kinase in MAL and MCT structures are available for the rat neph-
ron [79]. Abbreviations are the same as those used for Figure 1.
nephron and may assist in the interpretation of the role of these
reactions relative to renal transport functions.
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